Abstract Paddock-scale Acacia nilotica L. Willd. ex Del. (prickly acacia) spatial distribution, seed production and dispersal patterns were investigated in the Astrebla (Mitchell) grasslands of northern Australia as a step toward predicting future patterns of invasion. A number of hypotheses were tested based on what we know of this species in both Australia and regions where it is native, for example South Africa. It was hypothesized that most A. nilotica seeds would be produced by trees in riparian habitats with access to permanent water. In addition, we predicted that seeds would be dispersed throughout the Astrebla grassland landscape by cattle, following observations that cattle readily ingest and pass seeds and that cattle have access to all areas within paddock boundary fences. Tree density, seed production and seed dispersal by cattle were measured along a series of transects from permanent watering points to paddock boundary fences. Trees associated with permanent watering points produced more seeds per unit area and occurred at higher density than their non-riparian counterparts. The importance of riparian trees decreased in years with high rainfall and in paddocks with only small areas of riparian habitat. Cattle spread dung and seeds throughout paddocks, with peaks of deposition adjacent to permanent watering points. These results suggest that invasion patterns are likely to be uneven across the landscape and may be reactive to climate. High seedling recruitment and possible thicket formation is expected adjacent to permanent watering points and wherever cattle congregate. Patterns of recruitment in non-riparian areas are likely to be relatively sparse. The importance of post-dispersal factors in determining recruitment patterns is discussed.
INTRODUCTION
Seed dispersal patterns provide an important ecological link between seed production by plant species and population demography (Schupp & Fuentes 1995) . Despite the importance of seed dispersal for plant ecology, studies that consider the fate of seeds once they have left the parent plant are rare (Howe 1989; Schupp 1993; Herrera et al. 1994) . Such information is particularly important when studying invasive species because patterns of dispersal, in combination with establishment processes, determine the rates of spread and the spatial patterns of new infestations within the landscape. In the present paper we investigate the spatial patterns of seed production and dispersal of an invasive shrub, Acacia nilotica L. Willd. ex Del. In a future paper we will address the demographic processes that occur once seeds have been deposited across the landscape.
Acacia nilotica is a spreading leguminous tree to 10 m high with bipinnate leaves, distinct stiff spines, indehiscent pods and yellow flowers. It is indigenous to Africa, the Middle East and the Subcontinent (Ross 1979; Brenan 1983 ) and is often a dominant woodland/forest tree in many parts of South Africa, Sudan, Nigeria, Kenya, Senegal, Egypt, Israel, Pakistan and India (Marohasy 1995; Mackey 1998) . In Australia A. nilotica was introduced and planted to provide shade and fodder for stock (Roberts 1984; Lowry et al. 1993; Carter 1994 ). However, it has now spread and become a serious weed (Mackey 1998; March 2000) . Negative impacts are environmental as well as agricultural; A. nilotica is a threat to the integrity of the unique and formerly treeless and shrubless Astrebla (Mitchell) grasslands of central and north-western Queensland (Mackey 1998) . In addition to the Astrebla grasslands, A. nilotica is found in scattered populations in many Austral Ecology (2001) 26, [338] [339] [340] [341] [342] [343] [344] [345] [346] [347] [348] Paddock-scale patterns of seed production and dispersal in the invasive shrub Acacia nilotica (Mimosaceae) in northern Australian rangelands IAN J. RADFORD, 1 areas of Queensland and is thought to be climatically suited to most of northern Australia (Carter 1989; Kriticos 1997) .
Observations suggest that A. nilotica is aided in its invasion of semiarid Astrebla grasslands by the establishment of trees and high seed production in key riparian habitats within the landscape. Seed production of trees next to permanent water has been estimated at approximately 30 000 seeds tree -1 (Bolton et al. 1987) , while seed production of non-riparian trees has been measured in some areas at less than 50 seeds tree -1 (Carter et al. 1991) . Despite this information there are no studies that quantify the relative contributions of riparian and non-riparian trees to seed inputs across the landscape.
Studies both in areas where A. nilotica is indigenous (e.g. South Africa) and in Australia indicate that large herbivores such as antelope, elephants and cattle spread large numbers of viable seeds. Spread of seeds by large herbivores enables A. nilotica seeds to escape seed predators such as bruchid beetles by removing seeds from areas of high predator density near parent plants and by hiding seeds in dung pats (Coe & Coe 1987) . Miller (1996) recorded that 27 000 Acacia spp. seeds ha -1 were deposited by giraffe, kudu, impala, steenbok, duiker and ostriches in South Africa. Between 5 and 25% of seeds were passed intact by wild African herbivores (Miller 1995) , while in Australia cattle were found to pass as many as 80% and sheep as few as 1% of seeds (Harvey 1981) . Despite this information no-one has investigated how far seeds are deposited from primary seed sources or what proportion of seeds are transported by herbivores.
In the present paper we test a number of hypotheses about the spatial patterns of seed production and deposition based on observations of A. nilotica and cattle in arid environments. The first hypothesis is that riparian trees contribute disproportionately to landscape (total paddock) seed budgets. This follows from observations of high seed set in individual trees and dense populations in many riparian areas (Carter 1994) . The second hypothesis is that cattle disperse large numbers of seeds throughout Astrebla landscapes. Cattle have been found to be highly attracted to A. nilotica seed pods (Harvey 1981; Coe & Coe 1987; Miller 1996) and have access to the entire landscape, with most areas being less than 4 km from watering points. Cattle have been found to travel up to 12 km from watering points in arid rangelands in search of forage (Pickup & Bastin 1997) . Data from the present study will be discussed in terms of predicting future A. nilotica patterns of paddock invasion.
METHODS

Study sites
Four sites (Table 1) were situated in the Astrebla (Mitchell) grass plains of north-western Queensland between Hughenden and Julia Creek. Soils were a mixture of grey, black and red self-mulching cracking clay soils typical of this region (Northcote et al. 1975 ). Habitats at Astrebla study sites were predominantly of two types: (i) riparian habitats adjacent to artesian channels with access to permanent water, often with dense A. nilotica tree cover; and (ii) non-riparian habitats, mainly open savanna with scattered A. nilotica trees. The area of each habitat was calculated by digitizing paddock boundaries and the length of artesian channels, combined with field observations of the width of riparian habitats based on observed water seepage and healthy tree growth. Riparian habitat represented less than 1% of total paddock area but these areas had dense A. nilotica infestations (> 150 ha -1 ; March 2000) . Tree density in nonriparian habitats was relatively sparse (< 50 ha -1 ). While cattle grazing was practised in all study paddocks, sheep had been grazed at two of the sites (Keswick and Wivenhoe) prior to 1985.
The spatial distribution of tree density, seed production and seed deposition were assessed by sampling along three belt transects. Three transects were used in each paddock. Transects ranged in length from 2.5 to 3.5 km and were established from the edge of the riparian habitat to the edge of the paddock. Transects were 10 m wide and were divided longitudinally into intervals according to distance from riparian landscapes. Distance intervals were 0-100, 100-300, 300-500 m and every 500 m thereafter. The beginning of each transect was approximately 5-10 m from the edge of perennial streams, as riparian habitats were defined as areas within which trees were able to access water. Riparian habitats were subsampled for tree density and seed production in representative areas along artesian bore drains over known distances and habitat widths.
Tree density
Tree density was measured in both riparian and nonriparian habitats. In riparian habitats trees were simply counted along linear bore drains over known distances within several representative sections. Nonriparian tree density was measured by counting trees along transects within specified distance intervals. Only trees of 2 m or higher were recorded as these trees represent the established reproductive population (trees shorter than 2 m produced no seeds).
Seed production
Spatial patterns of seed production in trees were assessed in 1996. Pod production was assessed as soon as pods were mature (seeds had filled and were viable when dried). Pod production was assessed visually in terms of total pod weight in the canopy using a scale from 1 to 10 (1 being the lowest and 10 the largest). This qualitative scale was then calibrated by harvesting and weighing pods from 12 'standard' trees. The relationship between estimated and actual pod weight was described by the equation: pod weight = 1745.2 ϫ pod rank (R 2 = 0.9011; P < 0.0001). Seeds were counted in pod subsamples of known weight to convert estimated pod weights to seed numbers.
Seed numbers were assessed for trees in both riparian and non-riparian habitats. In riparian habitats every tenth tree was assessed for pod weight in a number of areas chosen as representative. A minimum of 50 trees along perennial streams were assessed for pod weight in each paddock. In non-riparian areas all trees within belt transects were assessed for pod weights.
Seed production was assessed again in 1997 to establish a predictive relationship between rainfall and seed set. This followed a wet season in which sites varied considerably in rainfall (340 to 640 mm).
Three addition sites were used to increase replication. These additional sites were Nicoleche (20°54.03ЈS, 144°10.09ЈE), Allaru (20°46.66ЈS, 143°09.24ЈE) and Garomna (20°42.24ЈS 141°51.13ЈE) stations. Mean tree density was 18, 14 and 9 ha -1 (at Nicoleche, Allaru and Garomna) in non-riparian, and 110 and 25 ha -1 (at Allaru and Garomna) in riparian habitats. The same procedure was used to estimate seed production as in the previous year, except that only a subset of non-riparian trees were used in the estimation. The relationship between estimated and actual pod weight was described by the equation: pod weight = 1917.8 ϫ pod rank (R 2 = 0.8828; P < 0.0001) in 1997.
Seed dispersal by cattle
Seed dispersal was measured by collecting dung pats along the same belt transects used for tree density and seed production estimations. Initially old dung pats were removed from each transect so that subsequent dung and seed collected represented only that from the current podding season. Dung pats from each interval were counted, bagged and analysed separately.
Dung collections were carried out monthly from November to February in the 1996-1997 podding season and two-monthly from August to November in the late 1997 podding season. Collections were pooled and annual dung and seed totals calculated when significant within-year temporal patterns were not identified.
Seed separation
Seeds were separated from dung pats and counted for each interval along the transects. Dung was first air dried and then broken into fragments using a Kyowa hulling head mill. Drums were set at 15 mm and then 8 mm apart to avoid breaking seeds. Scarification tests on seeds put through the hulling mill indicated that few seeds were scarified during this process. A seed sieve with air blower was used to separate heavy (with seeds) and light dung fragments. The heavy fraction was then passed through a Boddington clipper seed separator using a 12-mm top screen and a 3-mm bottom screen. Seeds were then hand sorted, weighed and subsamples of known weight counted to estimate total seed numbers per interval.
Discarded seed fractions from all processes were visually inspected for intact seeds to make sure none were discarded accidentally in the separation process. Dung was then placed in trays and watered to stimulate germination of any remaining seeds. Seed numbers missed during the separation process were negligible.
Rainfall data
Rainfall figures for each of the monitored paddocks were calculated by using the Department of Natural Resources SILO program (Mills et al. 1997; Jones & Weymouth 1998) . This program calculates rainfall at specific sites by extrapolating rainfall between weather stations by using a digital surface model. The accuracy of this calculation was assessed by comparing SILO data with known rainfall data from Julia Creek Post Office and using what was known about the rainfall for that year by producers on study properties (rainfall was sometimes extremely localized).
Data analyses
Paired t-tests were used to test for differences in tree density and seed production between habitats (riparian and non-riparian) and for differences in seed deposition between years (1996/97). Analysis of variance (ANOVA) was used to test for differences in density and seed production/deposition among sites, grazing histories, collection dates and distance intervals from permanent water. Factorial ANOVA was used where data sets were balanced, enabling more information on the relative importance of various factors in determining observed patterns. Regressions were used to test for relationships between seed production and rainfall, seed deposition and production, seed deposition and the number of dung pats, dung pats and the number of cattle, and between the percentage of seeds deposited in the paddock and the area of riparian habitat. All statistical tests were performed using MINITAB.
RESULTS
Localities, total area of habitat patches, tree density of current A. nilotica populations and cattle numbers A paired t-test was used to test for differences between habitats and a factorial analysis of variance (ANOVA) was used to test for differences between grazing history, sites and distance intervals up to 2 km from permanent water. All distance intervals were not included in factorial analysis because distance to fence-lines was different between paddocks. One-way ANOVA was used to test for differences among all intervals. d.f., Degrees of freedom; n, number of pairs. *Statistically significant (P < 0.05); † only distance intervals up to 2000 m were replicated at all sites. Fig. 1 . Distribution of trees (mean log tree density) with respect to distance from permanent water within four monitored paddocks. Columns designated 'a' and 'b' denote significant differences between mean values (see Table 2 ). Log to the base e was used for this transformation.
Fig. 2.
Log mean seed set (seeds ha -1 ) of trees distributed throughout monitored paddocks. Lower case letters ('a' and 'b') show significant differences between mean seed set values at different distances from permanent water. Paired t-test and analysis of variance were used to test for differences in mean values. Details of statistics are presented in Table 3 . Log to the base e is used for this transformation.
for the four sites used in this study are presented in Table 1 . Mean tree density was 16-43 ha -1 in nonriparian habitats and 207-2665 ha -1 in riparian habitats. The area comprising riparian habitat in each paddock ranged from 0.1 to 9.3 ha, and paddocks were between 865 and 1731 ha in total area. Cattle numbers were similar in both years of the study and ranged from 0.08 to 0.36 ha -1 .
Patterns of tree distribution
Tree density varied significantly between riparian and non-riparian habitats in study paddocks (Fig. 1 , Table 2 ). In contrast, no differences were found in non-riparian habitats with increasing distance from permanent water. No differences were found in tree density either between paddocks that had historically run sheep and those that had run cattle, or among study sites (Table 2) .
Patterns of seed production across paddocks
Greater seed production per hectare was recorded in riparian compared with non-riparian habitats in 1996 (Fig. 2, Table 3 ). Within non-riparian habitats there was no difference in seed production with distance from permanent water, although seed production was patchy, with no seeds produced from 300 to 500 m, or from 2000 to 2500 m from permanent water in any of the paddocks in that year. This is despite the occurrence of trees within these intervals (Fig. 1) . There was no difference in the spatial pattern of seed production among sites (site/distance interaction; Table 3 ). Mean seed production over the 2 years ranged between 8.1 and 221.8 million seeds per paddock (Table 4) with between 20.6 and 99.9% of these seeds produced by riparian trees. The large relative seed contribution made by riparian trees is despite this habitat occupying only 0.006 to 0.745% of total paddock area.
In non-riparian habitats seed production per tree was significantly related to rainfall in the wet season prior to pod development ( Fig. 3 ; 1997 data: y = 0.0237x -5.8321; R 2 = 0.7595; F = 15.79, P = 0.011). In contrast, no relationship was found between rainfall and seed production for riparian trees (F = 0.14, P = 0.728). Average seed production was 149 and 3303 for non-riparian trees, and 12 310 and 41 983 for riparian trees in 1996 and 1997, respectively.
Seed deposition patterns by cattle
Cattle-aided seed deposition varied significantly among distance intervals from permanent water (Fig. 4, Table 5 ), and between years, collection dates (in 1996 only) and sites (Table 5) . Seed deposition was significantly higher from 0 to 100 m compared 342 I. J. RADFORD ET AL. A paired t-test was used to test for differences between habitats and a factorial analysis of variance (ANOVA) was performed to test for differences between sites and distance intervals. A one-way ANOVA was used to test for differences between all distance intervals because they were unbalanced at greater than 2 km from permanent water. d.f., Degrees of freedom; n, number of pairs. **Highly significant (P < 0.01); only distance intervals up to 2000 m were replicated at all sites. with 1000-2500 and 3000-3500 m. Other intervals had intermediate levels of seed deposition. The significant interaction between site and distance from permanent water suggests that despite significant general trends in seed deposition there was also variability in spatial patterns among sites (Table 5) . Seed deposition increased significantly between 1996-1997 and 1997-1998 and among collection dates in 1996-1997 (Table 5) . Seed deposition patterns differed between years of the study (Fig. 5, Table 6 ). Significantly fewer seeds were deposited at intermediate distances from riparian habitats (100-500 and 1000-2000 m) in 1996 compared with 1997. There was no detectable difference in seed deposition among distance intervals in either year.
The number of seeds deposited in paddocks was proportional to the number of cow pats per ha ( Fig. 6 ; y = 1.1402x + 2.6878; R 2 = 0.4977; P < 0.001). This suggests that seeds are distributed evenly through dung during the podding season and that the majority of cattle had access to seeds and readily ingested and transported them. The average number of seeds per Factorial analysis of variance (AVOVA) has been used to test for differences between sites and distance intervals, a paired t-test for differences between years and a one-way ANOVA for differences between collection dates during each year. d.f., Degrees of freedom; n, number of sample pairs. *Significant (0.01 < P < 0.05); **highly significant (0.001 < P < 0.01); ***very highly significant (P < 0.001); l increase in mean values between time periods. Fig. 3 . Seed production over total yearly rainfall in (ᮀ) riparian and (᭹) non-riparian trees in 1997. A significant linear relationship was found for seed production in nonriparian trees (R 2 = 0.76; F = 15.79, P = 0.011) but not for riparian trees (F = 0.14, P = 0.728). Log to the base e is used for this transformation. Paired t-tests were used to test for differences between years within each distance interval to look at spatial differences between years. d.f., Degrees of freedom; n, number of sample pairs. *Significant (0.01 < P < 0.05); ** highly significant (0.001 < P < 0.01). dung pat was 28 (averaging between 8 and 47 seeds per pat at monitored sites) in 1996 and 234 (31-594 seeds per pat) in 1997.
As expected, the number of cow pats per ha was proportional to the total number of cattle in each paddock ( Fig. 7 ; y = 0.1369x + 1.1869; R 2 = 0.9548; F = 42.23, P = 0.023). This suggests that our dung samples were representative of total dung deposition in study paddocks.
The percentage of seeds dispersed from trees via cattle dung was 1.7% at Marathon, 2.5% at Keswick, 19.7% at Wivenhoe and 93.2% at Belton. The percentage of seeds deposited in dung was inversely proportional to the area of riparian habitat within each paddock ( Fig. 8 ; y = 4.8922 -4.3881x + 1.077x 2 ; R 2 = 0.9990; F = 412.9, P = 0.0348). This result shows that the larger the riparian area, the smaller the proportion of seeds transported to other parts of the paddock. At the paddock scale the amount of seed deposited in dung was therefore not directly related to the total number of seeds produced in that paddock (F = 0.65, P = 0.505).
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I. J. RADFORD ET AL. ) with distance from permanent water. Lower case letters ('a' and 'b') show significant differences between mean seed deposition as calculated using least significant difference values derived from ANOVA in Table 5 . Seed deposition data is averaged over the two years of data collection. Lower case letters ('a' and 'b') denote significant differences in mean seed deposition as calculated in Table 6 . The number 27 566 is the mean number of seeds deposited in the 0-100 m interval in 1997. 
DISCUSSION
The findings of the present study highlight the important role of riparian habitats in A. nilotica landscape ecology. Not only do riparian trees occur at higher density and produce more seeds than non-riparian trees (per tree and per unit area), but the size of riparian habitats also apparently influences the percentage of seed dispersed into non-riparian habitats. The influence of riparian zones on A. nilotica seed dynamics is orders of magnitude greater than the area covered by this habitat; riparian areas produced up to 99.9% of the seeds but contributed < 1% to the paddock area.
Other factors important in A. nilotica landscape ecology highlighted in this study were the lack of influence of historical grazing regimes on tree distribution and density, the increasing seed production of nonriparian trees in high rainfall years and the influence of rainfall and distribution of forage on the spatial pattern of seed dispersal.
Paddock scale patterns of tree density
It is unclear whether high tree density in riparian habitats is primarily due to historical plantings, high seed deposition rates or greater recruitment success in this habitat. High tree density adjacent to perennial streams (artesian bore drains) is a consistent pattern in Astrebla grass landscapes invaded by A. nilotica (March 2000; Mackey 1998 ). Historically A. nilotica seedlings were planted adjacent to bore drains and dams to aid in their establishment as shade trees for stock (Pollock 1926) . Acacia nilotica had established populations in riparian habitats prior to the invasion of the majority of the nonriparian landscapes in the early 1970s (Thompson 1992; Brown & Carter 1998) . Seed banks ranging from 50 000 to 7 million seeds ha -1 (Bolton et al. 1987; Carter et al. 1991) indicate that high tree density in this habitat may be related to high seed deposition. Measurement of population density in Australia (March 2000) and native areas such as South Africa (Pratt & Knight 1971; Knoop & Walker 1985) indicate that high density can be attained in both riparian and non-riparian habitats. It is therefore difficult to determine whether the higher density in riparian habitats is simply because populations in this habitat were established first. The relative roles of seed banks and recruitment processes need to be further investigated before we can gain a full understanding of why this pattern of tree distribution has emerged.
Distance from watering points did not apparently influence tree density in non-riparian habitats. Yet the present study indicates that average seed deposition declined and was variable among paddocks with distance from water. Why doesn't the spatial distribution of A. nilotica reflect this variability?
Even in areas with very high seed deposition, high mortality can result in poor recruitment in particular habitats or in areas close to large concentrations of parent plants (Jordano 1992; Herrera et al. 1994; Schupp & Fuentes 1995) . Present populations not only reflect patterns of establishment, but also competitive interactions of adult trees (Knoop & Walker 1985; Smith & Goodman 1987) and patterns of population decline and dieback during extended dry periods since 1980. Similarly, a differing grazing history (sheep or cattle) may influence A. nilotica density (Harvey 1981; Mackey 1998) , in terms of both seed dispersal (Harvey 1981) and impacts on plant establishment (Brown & Carter 1998; Tiver et al. in press) . Sheep are likely to spread fewer seeds than cattle, with gut survival less than 2% compared with 80% in cattle (Harvey 1981) . Sheep potentially reduce seedling establishment by browsing pressure and have been associated with low juvenile plant density (Tiver et al. in press) . Although data presented here show that grazing history did not influence adult tree density, we have no data on the establishment phase of A. nilotica after seeds are deposited. Future studies must address post dispersal recruitment processes to understand invasion patterns in Astrebla grasslands.
Seed production patterns
The high seed production in riparian trees that is observed here and in previous studies (Bolton et al. 1987; Carter et al. 1991; Carter & Cowan 1993) appears to be a response of trees to the availability of permanent water. Previous studies reported that riparian trees produced an average of 30 000 seeds per tree, compared with 12 000 and 42 000 per tree in consecutive years, as found in the present study. Similarly, seed production in non-riparian trees was low in both the present (150-3300 seeds tree -1 ) and previous studies (from 46 to 460 seeds tree -1 ). Low seed production in non-riparian trees in 1996 was consistent with the low rainfall in that year. The significant rainfall response of trees in non-riparian zones in 1997, compared with no response in riparian trees, supports the theory that access to water allows high seed production in riparian habitats.
Seed production budgets in these paddocks highlight the importance of riparian habitats (perennial bore drains) in the A. nilotica invasion of Astrebla grasslands. Small areas of riparian trees (< 1% of paddock area) produced between 20 and 99.9% of all seeds in monitored paddocks. These data elucidate the crucial role of riparian trees in producing much of the seed dispersed into paddocks by cattle, particularly where there are large riparian areas or where there are as yet few trees in non-riparian parts of the paddock (i.e. early in the invasion process). There are obvious benefits of reduced seed production to be gained from removing trees from relatively small perennial riparian areas (< 10 ha in monitored paddocks); land managers trying to control this weed should consider these habitats as priorities for treatment.
Spatial patterns of seed dispersal by cattle
Although seed deposition patterns were variable between sites and years, the overriding pattern from dung collections was that fewer seeds were deposited with increasing distance from riparian zones. Maximum deposition occurred immediately adjacent to riparian habitats (0-100 m) and had declined significantly by 1000 m. Previous measurements of A. nilotica seedbank density within riparian habitats (Bolton et al. 1987; Carter et al. 1991) , ranging from 50 000 to 7 000 000 seeds ha -1 , support the notion that high seed deposition rates are associated with permanent water. This pattern most likely reflects the daily need of cattle for water (Stuth 1991) . But what other factors influenced the spatially variable patterns of seed deposition between distance intervals, sites and years?
Inter-year seed deposition differences suggest that weather may influence patterns of cattle dispersal. Cattle in semi-arid environments such as the Astrebla grasslands are likely to minimize their daily travel between water and forage (Stuth 1991) . In wet years with plenty of forage close to permanent water it is likely that cattle will spend more time close to riparian zones and therefore defecate more dung and seeds there. Conversely, in dry years forage is likely to be limited to areas that are close to permanent water and cattle will move further in search of forage, thereby spending more time and depositing more seeds in areas away from permanent water. Seed deposition patterns found in the present study support this. Significantly fewer seeds in 1996 (a dry year with 381 mm rainfall) were deposited near the bore drain (100-2000 m) compared with 1997 (a wet year with 519 mm rainfall). In contrast, greater numbers of seeds were deposited within 2000 m of riparian habitats in 1997, a year of above average rainfall (519 mm).
The influence of rainfall in altering the foraging behaviour and deposition patterns was illustrated at Keswick in 1996. Virtually no dung or seeds were deposited along Keswick transects in that year when a rain-storm resulted in green feed becoming available on the opposite side of the monitored paddock. We believe that this lack of dung and seed deposition resulted from cattle preferentially foraging in this area and not visiting sampling transects.
Many seeds produced in monitored paddocks were unaccounted for in seed separated from dung. The percentage of estimated seed production collected in dung ranged from 93% at Belton to only 1.7% at Marathon. While some of this shortfall may be accounted for by high levels of seed deposition within riparian habitats, as suggested by the large seed banks here (Bolton et al. 1987; Carter et al. 1991) , there are still a large number of seeds apparently missing from dung samples.
Cattle preference for riparian habitats may partly explain the shortfall of seed deposition in non-riparian habitats. During the present study, seed deposition was inversely related to the area of riparian habitat in paddocks. Seed deposition by animal vectors reflects their need for water, forage and also post-feeding habitat preferences (Jordano 1992; Herrera et al. 1994; Schupp & Fuentes 1995) . During podding seasons, A. nilotica pods may be a major source of food for cattle in Astrebla grasslands. Acacia nilotica pods are attractive to large herbivores (Lamprey et al. 1974; Coe & Coe 1987; Miller 1996) , and particularly so in Astrebla grasslands in the late dry season (when pod drop occurs) because grasses are at their lowest feed quality and palatability (Lowry et al. 1993) . In addition, riparian populations of A. nilotica provide the only large areas of shade in Astrebla landscapes. Acacia nilotica was deliberately planted in Astrebla grasslands to provide shade for stock (Mackey 1998; March 2000) . The availability of water, pods and shade in riparian habitats may mean that cattle spend much of their time there in preference to the large areas of open Astrebla grassland. Preference for riparian habitats could explain why cattle spent less time and dispersed fewer seeds along transects in paddocks with larger riparian A. nilotica populations. Conversely, small areas of riparian habitat (e.g. less than 1 ha) may provide insufficient resources, in terms of shade and A. nilotica pods, to be attractive to herds of several hundred cattle.
Other explanations for missing seeds, such as insufficient sampling effort, seed predator-related mortality and low seed survival in cattle guts appear less likely. The significant relationship between the number of cattle in monitored paddocks and number of dung pats suggests that our sampling effort was representative of the paddocks. While seed predators can cause high mortality in A. nilotica seeds (Coe & Coe 1987; Ablin 1989; Miller 1994; Marohasy 1995) , seed damage by the introduced beetle Bruchidus sahlbergi prior to seeds dropping to the ground (and becoming available to cattle) was less than 5% (Radford et al. 2001) . The lack of pods lying on the ground outside cattle exclosures during the study of Radford et al. indicates that the majority of seeds and pods were ingested by cattle. Although diet quality and seed hardness because of drying is believed to influence the degree of seed digestibility (Harvey 1981; Miller 1995) , it is unlikely that seed survival would have been reduced from 80% (Harvey 1981) to less than 5% (Miller 1995) for this reason.
Implications for Acacia nilotica invasion in Mitchell grasslands
Are the seed deposition patterns observed here useful for predicting future patterns of A. nilotica invasion in Astrebla grasslands? Spatial seed deposition patterns suggest that seedling emergence is likely to be densest adjacent to and inside riparian habitats and more sparse beyond 1 km from permanent water. Variability in seed deposition between years and sites suggests that there will be a degree of stochasticism in invasion patterns in individual paddocks. However, whether future tree populations reflect seed dispersal patterns will depend on a number of post dispersal processes. As discussed by Schupp and Fuentes (1995) , post dispersal processes can either enhance or mask seed dispersal patterns. Future studies must address post dispersal patterns, recruitment and growth before we can make assessments of the way A. nilotica will continue to invade Astrebla grass landscapes. Only by studying these processes in a habitat context can we make reliable predictions of the way A. nilotica will continue to invade Astrebla grass landscapes, and make recommendations as to the most efficient strategy for the control of this pest species.
